Using an experimental model of ascending aortic banding in the rat, we examined whether coronary circulation abnormalities in hypertrophied hearts are reversible after debanding. 4-wk banding produced significant increases in in vivo left ventricular (LV) pressure (194±13 vs 
Introduction
Hemodynamic overload causes cardiac muscle hypertrophy, as an adaptative process of the heart (1) . In hypertrophied hearts, abnormalities in coronary circulation such as decreased coronary blood flow per unit muscle mass (2) , increased coronary vascular resistance during maximal vasodilation (3) (4) (5) (6) (7) (8) (9) , impaired autoregulation (10) , changes in transmural blood flow distribution (3, 9-13), or decreased coronary flow reserve (6) (7) (8) (9) (14) (15) (16) (17) (18) (19) (20) (21) (22) have been reported in clinical and animal studies. If the hemodynamic load is normalized, cardiac muscle hypertrophy regresses in patients and animals (1, (23) (24) (25) (26) (27) (28) (29) (30) (31) . However, it has not been determined whether the coronary circulation abnormalities in hypertrophied hearts are reversible after normalization of the hemodynamic load, as in the regression of cardiac muscle hypertrophy.
The abnormalities in coronary circulation might be caused indirectly by the presence of cardiac muscle hypertrophy sur-rounding the coronary vascular system per se (9) , directly by coronary vascular changes produced by coronary arterial hypertension with or without significant cardiac muscle hypertrophy (4, 6) , or by both. Therefore, the time course ofnormalization of physiological coronary vascular abnormalities in hypertrophied hearts in response to pressure overload with coronary arterial hypertension may differ from that in the regression process ofmyocardial hypertrophy, even ifthe coronary circulation abnormalities are reversible.
In this study, we used a rat model of ascending aortic banding, i.e., pressure overload to the left ventricle and high coronary arterial pressure, and examined the regression process in coronary circulation abnormalities and cardiac muscle hypertrophy after debanding. To minimize the effect of mechanical and metabolic factors on coronary circulation, we killed the debanded rats and studied coronary hemodynamics under nonworking conditions at two different times after debanding.
Methods
We used male Wistar rats 6 wk old and banded the ascending aorta. 4 wk after aortic banding some of these rats were debanded. In vivo left ventricular and aortic pressures were measured, and rats were sacrificed 4 wk after banding in the group of banded rats (n = 8), and 1 (n = 7) or 4 wk (n = 8) after debanding in the debanded groups of rats. Isolated hearts were perfused with modified Krebs-Henseleit buffer and coronary hemodynamics were estimated as in the reports of Lorell et al. (2) , Schrader et al. (32) , Isoyama et al. (33) , and Toma et al. (34) . In control rats for each group, sham operations and measurements of in vivo pressures and coronary hemodynamics after sacrifice were performed as in the experimental rats.
Surgical procedures. Each rat was anesthetized with pentobarbital sodium (50 mg/kg i.p.) and endotracheal intubation was performed with direct visualization as in the previous study (35, 36) . The left thorax was opened at the third intercostal space to expose the ascending aorta under artificial ventilation with room air (model 141; Princeton Medical Instruments Inc., Natick, MA). The ascending aorta was dissected free and a surgical nylon thread (3-0) was drawn under the ascending aorta. A rigid tube (1.4 mm in o.d.) was placed alongside the ascending aorta. The rigid tube and the ascending aorta were tied tightly together with the thread. The rigid tube was removed rapidly, leaving the ascending aorta constricted to a diameter of 1.4 mm. The lung was inflated with a positive end-expiratory pressure of -10cm H20, and the chest was closed with a silk thread. The tracheal tube was removed, and the rats were fed with standard rat chow and water ad lib. for 4 wk. In sham-operated rats, the same procedures were repeated, except for aortic banding.
In some ofthe banded rats, 4 wk after aortic banding the left thorax was opened again under artificial ventilation with room air after intraperitoneal anesthesia and tracheal intubation as described above. Fibrotic tissue around the nylon thread that had been used for aortic banding in the first operation was removed and the nylon thread was cut off. The chest was closed in the same manner as described above. The tracheal tube was removed, and the rats were fed as described above. Sham operations were performed in additional rats to serve as their respective control groups. In these procedures, we were able to remove the nylon thread in 15 of 20 rats, and all rats from which the threads were removed survived.
In vivo pressure measurements. Each rat was anesthetized intraperitoneally and tracheal intubation was performed after tracheotomy. Under controlled ventilation with room air, the neck region was carefully opened and the right carotid artery was approached. A polyethylene cannula (polyethylene tubing, SP-3 1, 0.50 mm i.d., 0.80 mm o.d.; Natsume Instrument Co., Ltd., Tokyo, Japan) was inserted into the right carotid artery to measure aortic pressure as in the previous study (35, 36) . To estimate left ventricular peak systolic and end-diastolic pressures, and the peak-to-peak pressure difference between the left ventricle and the aorta, a left thoracotomy was performed at the fourth intercostal space. The left ventricular cavity was approached from the left ventricular base with a 19-gauge needle, through which left ventricular pressure was measured using a strain gauge transducer (model TP-300T; Nihon Kohden Co., Ltd., Tokyo). Zero pressure reference was taken at the midlevel ofthe heart. Recordings of phasic and mean pressures were continuously displayed on a multichannel recorder (type 8S, Rectigraph; San-ei Instrument Co., Ltd., Tokyo). Particular care was taken so that the epicardial large coronary arteries were not damaged by needle puncture.
Frequency response of the pressure measurement system was estimated by the pop method. The damping coefficient and undamped natural frequency were 0.56 and 41 Hz, respectively.
Perfusion technique. After in vivo pressure measurements, the pericardium was opened and the heart quickly isolated. A perfusion cannula was inserted into the ascending aorta (at the proximal portion of the thread which was used for aortic banding in the group of banded rats) and positioned immediately above the aortic valve. The heart was mounted on a perfusion apparatus, and the coronary arteries were perfused via the aortic root. The perfusion system consists of a rotary pump and two reservoirs; one of them was pressurized with a gas tank of 5% C02-95% 02 and a pressure regulator (pressure regulator type 70; Bellofram, Burlington, MA). The perfusate consisted of modified Krebs-Henseleit buffer 118 mM NaCl, 4.7 mM KCG, 2.0 mM CaC12, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 0.4 mM Na2EDTA, 5.5 mM dextrose, and 1.0 mM Na lactate as substrate. Lactic acid was neutralized with NaOH before being added to the buffer. The oxygenated perfusate was equilibrated with a 5% C02-95% 02 gas mixture such that the perfusate Po2 was 550 mmHg. A drainage cannula was inserted into the left ventricular cavity through a left atrial incision to vent the Thebesian flow. To ascertain the stability of the isolated heart, a latex balloon which was slightly larger than the left ventricular cavity was inserted into the left ventricular cavity, and tied at the atrioventricular groove to maintain the heart isovolumic or empty by balloon collapse. The temperature of the perfusate was maintained at 37°C. Heart rate was kept constant at 300 bpm by right ventricular pacing, using an electrical stimulator (electrical stimulator SEN 7103; Nihon Kohden Co., Ltd.).
Coronary perfusion pressure was measured with a pressure transducer from the side arm of the perfusion cannula. Left ventricular pressure was measured through a polyethylene tube which was connected to the intraventricular balloon. Zero pressure reference was taken at the midlevel of the heart. Mean coronary flow rate was measured using an electromagnetic flow meter (electromagnetic flowmeter, model MFV-1200; Nihon Kohden Co., Ltd.) which was positioned in the perfusion line. Calibration was performed by timed volume sampling.
Protocol to estimate coronary hemodynamics. At a coronary perfusion pressure of 100 mmHg the left ventricular end-diastolic pressure was set to 10 mmHg by adjusting the left ventricular balloon volume during stabilization. After measurement of left ventricular pressure, coronary perfusion pressure and flow rate, the balloon was collapsed. After the coronary flow rate reached steady state, coronary perfusion pressure was stepwisely reduced to 0 mmHg for 1 min and returned to 100 mmHg to measure peak mean coronary flow rate under the condition of maximal vasodilation. After coronary flow rate had returned to the baseline at 100 mmHg ofcoronary perfusion pressure, the coronary perfusion pressure was set to 150 mmHg. We measured baseline and peak mean coronary flow rate after 1 min of ischemia at 150 mmHg of coronary perfusion pressure. The left ventricular balloon was then inflated again to set the left ventricular end-diastolic pressure at 10 mmHg. Left ventricular peak systolic and end-diastolic pressures and coronary flow rate returned to baseline 3 min after ischemia. Coronary flow rate was expressed both as absolute value (ml/min) and as the ratio of coronary flow rate/left ventricular wet weight (ml/min per g).
Peak systolic left ventricular pressures at an end-diastolic pressure of 10 mmHg were as follows. In all hearts of the three sham-operated groups, the values were 108±8 and 136±9 mmHg at 100 and 150 mmHg of coronary perfusion pressure, respectively. In hearts of the banded group, the values tended to be greater at each coronary perfusion pressure, compared to those in hearts ofthe sham-operated groups (145±18 and 159±22 mmHg). 1 wk after debanding the values were similar to those in hearts of the banded group (132±17 and 162±20 mmHg), but decreased to levels similar to those in hearts of the shamoperated groups 4 wk after debanding (120± 10 and 132±12 mmHg).
At the conclusion of the experiment, the heart was stripped of fat and atria, and divided into a right ventricular free wall portion and a left ventricular-septal portion. After determining the left and right ventricular wet weights, they were dried to a constant weight at 70'C (72 h). The ratios of dry weight/wet weight in the left and right ventricles were obtained.
Statistical analysis. Variables measured are expressed as mean±SEM. The statistical significance of differences in mean values from two groups of sham-operated and experimental rats or from banded rats and debanded groups of rats were assessed by the unpaired Student's t test. The Bonferroni correction was applied for multiple comparisons to reduce the possibility of chance significance. left ventricle and the aorta was only 6 mmHg. The left ventricular end-diastolic pressure was 3 mmHg in both the banded and debanded rats. Fig. 2 and Table I show in vivo left ventricular and aortic pressures and heart rate in the three groups of rats. Peak systolic left ventricular pressure was significantly higher in the banded rats than in the sham-operated rats. In the debanded rats, peak systolic left ventricular pressure measured 1 or 4 wk after debanding decreased significantly, and there was no difference between the sham-operated and debanded rats (Table I and Fig. 2) . The peak-to-peak pressure difference between the left ventricle and the aorta in the banded rats was 87±1 1 mmHg (P < 0.01). After debanding the peak-to-peak pressure difference measured 1 or 4 wk after debanding decreased to 12±8 and to 1±2 mmHg, respectively; there was no statistical significance in the pressure difference between the sham-operated control and experimental rats (Fig. 2) . There was no significant difference in heart rate, left ventricular end-diastolic pressure, systolic, diastolic or mean aortic pressure between the sham-operated and experimental rats in any group (Table I).
As summarized in Table II , body weight at sacrifice did not differ significantly between the sham-operated and experimental rats in the banded or debanded groups. The ratio of left ventricular dry weight/body weight was significantly greater in the banded rats than in the sham-operated rats (P < 0.01) (Table II and Fig. 3 ). 1 wk after debanding, the ratio decreased significantly (P < 0.01), but it was still greater than that in the sham-operated rats (P < 0.01). 4 wk after debanding, the ratio decreased further and there was no significant difference between the sham-operated controls and debanded rats. The increase in the degree of cardiac hypertrophy in the banded rats was 48±5% above that of control rats; the value decreased to 23±6% by 1 wk (P < 0.01) and to 1±6% 4 wk after debanding (P < 0.01), as shown in Fig. 3 . On the other hand, there was no significant difference in the ratio of right ventricular dry weight/body weight between the sham-operated and experimental rats. Water content of the left and right ventricles was similar in the sham-operated and experimental rats, and among the three groups of rats (Table II) . 4 shows the absolute value of coronary flow rate and the value per myocardial tissue weight at the coronary perfusion pressure of 100 mmHg in the three groups of rats. In the banded group the coronary flow rate decreased under both the control perfusion (P < 0.05) (A) and maximal vasodilation (P < 0.01) (B), compared with their repective sham-operated controls. In the group of debanded rats, the coronary flow rate increased with time toward the value of the sham-operated controls under both the control perfusion and maximal vasodilation.
The ratio ofcoronary flow rate/myocardial tissue weight in the banded rats significantly decreased under both control perfusion (P < 0.01, C) and maximal vasodilation (P < 0.01, D). The ratio increased with time, but the value measured 1 wk after debanding remained lower than the value in sham-operated controls under control perfusion (P < 0.01) and maximal vasodilation (P < 0.01). However, 4 wk after debanding the ratio increased toward the value of sham-operated rats; there was no significant difference between the sham-operated and debanded rats.
Fig . 5 shows the coronary flow rate and the value per myocardial tissue weight at the coronary perfusion pressure of 150 mmHg in the three groups. There was no significant difference in the coronary flow rate measured under control perfusion between the sham-operated control and experimental rats in any group as shown in panel A. Under maximal vasodilation (B), the coronary flow rate was slightly lower in the banded rats than in the sham-operated controls, and tended to increase 4 wk after debanding. However, these changes were not statistically significant.
In the banded rats the ratio of coronary flow rate/myocardial tissue weight was significantly lower under both the control perfusion (P < 0.05, C) and maximum vasodilation (P < 0.01, D), compared to sham-operated controls. The value remained lower 1 wk after debanding under both the control perfusion (P < 0.01) and maximal vasodilation (P < 0.05), compared to sham-operated controls. 4 wk after debanding, there was no significant difference between the sham-operated control and experimental rats. Fig. 6 shows the changes in coronary flow rate during maximal vasodilation (top) and the flow rate per myocardial tissue weight expressed as percentage of their respective shamoperated controls (bottom) at 100 or 150 mmHg of coronary perfusion pressure in the three groups of rats. Coronary flow rate at the coronary perfusion pressure of 100 mmHg decreased to 72±5% ofthe control value in the banded rats. After debanding the coronary flow had increased to 94±10% at 1 wk (P < 0.05), and to 108±9 at 4 wk (P < 0.01). In the banded rats, the coronary flow rate expressed as percentage of shamoperated controls was greater at 150 mmHg than at 100 mmHg of coronary perfusion pressure (85±5 vs. 72±5%, P < 0.05). At the coronary perfusion pressure of 150 mmHg the coronary flow rate increased with time as was observed with the coronary perfusion pressure of 100 mmHg.
The ratio, coronary flow rate during maximal vasodilation/myocardial tissue weight, decreased to 53±4% at 100 mmHg and to 61±4% at 150 mmHg of coronary perfusion pressure. 1 wk after debanding the ratio did not increase at either 100 or 150 mmHg ofcoronary perfusion pressure; however, at 4 wk the ratio had significantly increased for both the levels of coronary perfusion pressure (95±8% at 100 mmHg, P < 0.01 and 100±10% at 150 mmHg, P < 0.01). In this study, we used an experimental model of pressure overload by aortic banding rather than renal hypertension or a genetic model such as the spontaneous hypertensive rat, to study changes in coronary circulation and myocardial hypertrophy after removing the stimulus for the following reasons. First, the onset of pressure load and normalization of the elevated pressure would be slower in the renal hypertension model. Second, neurohumoral factors may affect myocardial hypertrophy, and pressure may not be the sole determinant of the degree ofmyocardial hypertrophy and changes in the coronary vascular system in a genetic or renal hypertension model (19, 28) . In fact, we were able to normalize left ventricular pressure after debanding, although minimal pressure difference between the left ventricle and the aorta was observed 1 or 4 wk after debanding. Furthermore, we could observe the regression of myocardial hypertrophy 1 or 4 wk after debanding as reported by Cutilleta et al. (26) .
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Our Values are mean±SEM. Abbreviations: BW, body weight at sacrifice; LV, left ventricle; RV, right ventricle. Other abbreviations are the same as in Table I . * P < 0.05, ** P < 0.01, statistical significance of differences between mean values in sham-operated and experimental rats. in hypertrophied hearts (19) , since the coronary pressure-flow relationship in hypertrophied hearts may differ from that in normal subjects (37, 38) and would not be linear. In this study we estimated changes in coronary.hemodynamics under non- (39) we observed a moderate increase in coronary flow rate after brief ischemia, even in the control hearts, compared with observations in human or relatively large animals. However, in small animals such as rats, mice, or guinea pigs the increase in coronary flow rate after brief ischemia is at most 100% above baseline even if the coronary hemodynamics are measured in situ. Therefore, the isolated heart preparation which was used in this study is suitable for demonstrating changes in coronary flow rate between hypertrophied and control hearts, and between banded and debanded hearts.
Regression ofMyocardial Hypertrophy and Coronary Vascular Changes
In our study, the absolute values of coronary flow rate at the coronary perfusion pressure of 100 mmHg under control perfusion and maximal vasodilation were significantly lower in banded rats (Fig. 4, A and B) . These findings in hypertrophied hearts show the changes in coronary vasculature per se, since the effects ofthe extravascular mechanical and metabolic factors were minimized at the same level ofcoronary perfusion pressure among the banded, debanded and sham-operated control rats. Furthermore, at the higher level of coronary perfusion pressure the absolute value of coronary flow rate under control perfusion or maximal vasodilation did not decrease compared with sham-operated controls (Fig. 5, A (4, 6, 9) indicate that the physiological coronary vascular abnormalities do not always coexist with cardiac muscle hypertrophy. Therefore, it is possible that the abnormalities in coronary circulation persist even after complete regression of cardiac muscle hypertrophy produced by pressure overload with coronary arterial hypertension. In our study, the abnormalities in coronary circulation completely normalized at the time when cardiac muscle hypertrophy regressed (from 48±5 to 11±6% above control values 4 wk after debanding) (Fig. 3) . In the early phase of regression process, a significant increase in coronary perfusion during maximal vasodilation per unit muscle mass was not observed in spite of a regression of cardiac muscle hypertrophy by more than 50% (from 48±5 to 23±6%) (Figs. 3 and 6) . The time course of regression of coronary perfusion per unit muscle mass seemed to be slightly slower than that in cardiac muscle hypertrophy. These findings indicate that the coronary circulation abnormalities in hypertrophied hearts were completely reversible, but coronary perfusion per unit muscle mass was not parallel with cardiac muscle mass in the early phase of the process of regression of cardiac hypertrophy.
In this study, after removing the relatively short-term pressure overload we examined the regression of cardiac muscle hypertrophy and abnormalities in coronary circulation and did not study the effect of duration or severity of pressure load on the regression process. It has been reported that duration or severity of stimulus affects the progression process of coronary vascular changes (6, 39, 41, 42 ) and cardiac muscle hypertrophy (23, 43) , and the regression process of cardiac muscle hypertrophy (26) . Duration or severity of stimulus may affect the regression process of coronary vascular abnormalities. Also, it may be important for the regression process at what age of the life cycle the stimulus is given, even if duration or severity of the stimulus is the same among the subjects of different ages. Further studies are needed to clarify how and which factors affect the regression process ofcoronary vascular abnormalities in hypertrophied hearts.
In conclusion, we have provided the first experimental documentation that coronary circulation abnormalities in hypertrophied hearts are completely reversible as in myocardial hypertrophy. Coronary flow rate increased with time, but coronary flow rate during maximal vasodilation per unit cardiac muscle mass remained lower than control values in the early phase of regression process. These experimental findings suggest that coronary circulation abnormalities in hypertrophied hearts are not fixed but are well reversible under some conditions.
